Abstract ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) glass fibers are excellent materials for the use in many applications, such as fiber optics, fiber amplifiers, and lasers for cutting, drilling, and surgery. The main advantage of ZBLAN glasses over other glasses, such as silica, is its superior infrared transmissibility. The theoretical optical transmission spectrum for a ZBLAN fiber is from 0.3 lm in the UV to 7 lm in the IR region. The main obstacle with ZBLAN glass is the extrinsic losses from impurities, which includes crystallites formed during the manufacturing process. Due to ZBLAN's narrow working range, crystallites easily form during the drawing process, which inhibits the materials transmissibility. Microgravity (l-g) processing has been proven to suppress crystallization in ZBLAN glass, thus allowing the material to reach its theoretical loss coefficient. Past researchers have shown that this phenomenon exists, but the mechanism of crystallization suppression in a microgravity environment is not well understood. This research endeavors to understand the role that gravity plays on the crystallization suppression of ZBLAN glass. The outcome of this study will impact the production of superior mid-IR fiber optics and could lead to a more feasible manufacturing technique. The main conclusion developed from this study is that the process is heavily dependent upon mass transfer kinetics such as diffusion and buoyancy-driven convection. Thus, suppressing buoyancy-driven convection, at relevant drawing temperatures, suppresses crystallization growth in ZBLAN glass. This theory was proven through microgravity experimentation, analytical, and computational modeling.
Introduction
Currently, glass fibers used for optical communication systems are silica fibers. The reason that silica is the primary choice for an optical waveguide is that silica fibers have achieved their theoretical predicted minimum optical loss of 0.15 dB/km at visible wavelengths. These low losses allow optimum data transmission between our telecommunication devices. However, silica fibers demonstrate high loss factors for transmission of infrared (IR) light (800 dB/m at k = 2.94 lm) [1] . IR transmission capability is a desired technology for surgical, sensing, and telecommunications. Many researchers suggest that the most promising optical waveguides to replace silica fibers are heavy metal fluoride glasses (HMFG) that can demonstrate losses as low as 0.01 dB/m for near IR wavelengths [1] . The most common HMFGs for fabrication into fibers are fluorozirconate glasses, of which the most common is of the ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) composition, which have applications in mid-IR radiometry, laser power delivery, and sensors [1] . ZBLAN has a theoretically predicted ultra-low optical loss of 0.001 dB/km in nearinfrared regions [1, 2] . Past researchers have obtained losses as low as 0.1 dB/km have been recorded in small segments of ZBLAN fibers [2] . Prior to recent research, the losses for ZBLAN fibers were only in the range of 1-10 dB/km with a reported low of 0.65 dB/km [3] . The primary cause for these higher than predicted losses is believed to be the scattering of the light from microcrystals formed during glass synthesis, as well as fiber drawing. A discovery in 1994 showed that microcrystal formation in ZBLAN could be suppressed when processed under microgravity [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This breakthrough opened up the possibility that ZBLAN glass can achieve its theoretical ultra-low-loss values approaching 0.001 dB/km.
Microcrystal formation and crystal growth are extensively documented in conventional materials science texts in which there are two possible methods for microcrystal formation: heterogeneous or homogeneous nucleations. Heterogeneous nucleation is the lower energy nucleation formed from contamination of the glass melt from the processing container. The processing container contamination allows there to be nucleation sites for the microcrystals to be formed. On the contrary, homogeneous nucleation is the higher energy solidification state where gravity-driven density segregation is believed to be the main cause. These two instances cannot be removed during the conventional processing of HMFG fibers under terrestrial conditions; therefore, formation of the microcrystals cannot be avoided. This is the limiting factor with the development of an ultra-low-loss optical fiber.
The reduced gravity environment that a parabolic aircraft possesses offers the potential for container-less processing of ZBLAN and fibers in the absence of strong gravitational force. This abridged state of gravitational force offers numerous advantages during both the hightemperature process steps involved in bulk ZBLAN syntheses and fiber drawing [3, 5] . Fiber drawing can be easily done in a parabolic aircraft, since the glass preform is reheated to its viscous state not its molten state. When ZBLAN is synthesized, corrosive and toxic fumes are emitted from the melt [5] , which is not a desired process for space conditions. Therefore, fiber drawing is much more suitable for microgravity experiments.
The process of fiber drawing consists of a 'preform' glass that is heated beyond its glass transition temperature (T g ) but below its crystallization temperature (T x ). The glass transition temperature (T g ) is when the material becomes soft, such that the material is in a semi-viscous state. The crystallization temperature (T x ) is when solids (crystals) start to form in the material. The preform is the starting glass material of the fiber drawing process, which is the same consistency and geometry (core and cladding) of the final fiber product. The core is of a similar glass consistency containing a doping agent to lower the refractive index, which contains the transmission signal within the core. The difference between T x and T g is known as the working temperature range (DT). A large working temperature range makes for an easy material to draw into fiber form. ZBLAN has a very narrow working range, resulting in a difficult material to draw into a fiber. Due to the narrow working range, crystallization is prevalent in this material, which results in higher transmission loss. Torres et al. [11, 12] have shown that the working temperature range of ZBLAN glass can be broadened through microgravity processing. This study demonstrated that the crystallization temperature could be suppressed in microgravity, whereas the glass transition temperature remains constant, therefore, increasing the working temperature range. Overall, the microgravity environment of a parabolic aircraft can reduce crystallization in the glass during its reheating for fiber drawing.
The prevailing hypothesis as to why crystallization of ZBLAN is suppressed in microgravity is due to the nature of the material being a non-Newtonian fluid. The reduced gravity environment limits the material mobility due to convection, thus the process of shear thinning reduces the nucleation and growth rate of crystallization [7, 8] . This hypothesis has yet to be verified with analytical models and/or experimental observations. The goal of this research was to investigate the mechanisms that govern crystal growth and how they may be affected by gravity or lack thereof. The hypothesis of this study is that the process of mass transfer is the sole mechanism (diffusion and convection) governing crystal growth suppression in microgravity. The outcome of this study will ultimately impact the production of superior mid-IR fiber optics and could lead to a more feasible manufacturing technique.
Various reports on crystal formation in ZBLAN and other glasses have been critically reviewed determining the mechanisms by which crystals can initiate and grow. This review of existing literature on the reactivity of glasses including ZBLAN lends credibility to the following [13] [14] [15] [16] [17] :
• Reactions can be initiated by either internal or external contamination leading to crystallization.
• Greater variation of surface energy, as well as greater exposure of such sites to contaminants leads to a propensity for crystallization at the surface.
• With regards to moisture-induced crystal formation, the source of moisture could be residual moisture or adsorbed moisture in the glass. Other materials promoting crystallization can be internal (La) or external (microscopic mineral dust).
• Inherent (internal) impurities are immobile at normal temperature and are mobilized upon heating, particularly as the glass softens at temperatures above its T g .
• A growing crystal requires solution mobility to replenish the area with more growth units, in which a growth unit is a unit of material that will progress the size of a crystal. Conversely, solution mobility could move a growing crystal into a region with more growth units.
• The separation distance between an active and an inactive nucleation site is on the order of a few angstroms.
Therefore, the rate of crystallization is a function of the interaction between potential nucleation points and active sights, i.e., when a nucleating crystal can be fed by 'growth unit' and become larger. This indicates that the mobility (flow and velocity) of the material system plays an important role in determining the rate and amount of crystallization. Overall, mobility of the solution in ZBLAN is directly related to the temperature of glass, as either diffusion or convection will cause motion in the sample. In microgravity, convection will be suppressed due to the lack of density variation in the sample; therefore, there will be minimal movement in the sample if the temperature is too low for mobility due to diffusion. If there is no movement in the sample, then a growing crystal will be starved of growth units and crystal growth will be suppressed. Kundrot et al. [22] define this concept as a depletion zone.
Experimental program
The primary experimentation completed in this research was completed on a parabolic aircraft donated by the Air Force's Space Test Program (STP) through NASA's Zero-G Corporation. The experimental hardware description, hardware characterization, operational description, and flight detail can be found in Reference [18] . The ZBLAN samples used for this study were purchased from OgMentum Inc. (ZMP-800/1000) [19] and were tested according to a tailored flight test matrix based on the inherent properties of the material. The microgravity flight test consisted of the following temperatures: 360, 370, 380, 400, and 410°C. According to the literature [1] [2] [3] [4] , ZBLAN has a T g of approximately 265°C and a T x of approximately 360°C. Differential Scanning Calorimetry (DSC) indicated the T g to be between 261 and 268°C and T x to be between 368 and 386°C [18] . This slight variance is due to the heating rate (10 and 20°C/min). The temperatures, however, are within the reported T g and T x temperatures from past researchers.
Results

Optical micrograph results
A series of optical microscopy techniques were used to investigate the crystallinity of the ZBLAN samples processed on board the parabolic aircraft. The primary data investigation technique used was DIC (Differential Interference Contrast) optical microscopy with a Keyence VHX-2000 series microscope. DIC microscopy was used as the investigation technique as it enhances the contrast in transparent samples, which will elucidate any crystallinity in the samples. The ZBLAN samples were first removed from their glass ampoules and placed lengthwise on the microscope stage. Optical microscopy was selected as the investigative technique as it is a non-destructive method (compared to X-ray diffraction) and provides the capability of elucidating crystallization in the samples. Select sideby-side micrographs are shown in the below figures. The below micrographs represent a depth-up composition stitching, which brings the entire three-dimensional sample into focus in one image. This results as the outer edge of the micrograph (the microscope stage) being out of focus due to it being the lowest focal plan. Figure 1 shows an optical micrograph of the ZBLAN control sample.
The ZBLAN control sample represents a ZBLAN sample that was not subjected to any heat treatment and is the as-received version of the material. Notice that in the control sample that there are numerous crystallites on the order of 1-10 lm with the largest on the order of 20 lm. The initial smaller crystallites have been described not to contribute to the transmission loss as they are on the same order of the transmission frequency (0.3-7 lm) [20] . These initial crystals have been observed by prior researchers and are postulated to occur from homogeneous nucleation from the bulk glass [21] . These initial crystallites are hypothesized to grow into larger crystals or nucleate other crystallites when the sample nears the crystallization temperature [22] . Figure 2 shows a side-by-side comparison of the l-g-processed sample versus the 1-g-processed sample at the crystallization temperature of 360°C.
It can be seen that in Fig. 2 that the crystallites have grown to a much larger size (20-50 lm) in the 1-g-processed sample, whereas the l-g-processed sample has similarly sized crystals as the control sample. The micrographs shown in Fig. 2 provide additional evidence of suppressed crystallization at 360°C (T x ) in l-g. Figure 3 shows a ZBLAN sample processed at 370°C in 1-g versus l-g.
The sample processed at 370°C in 1-g shows strong evidence of enhanced crystallization with increased crystallite size of approximately 20-100 lm, whereas the contrasting sample in l-g continues to have similarly sized crystals as the control sample (1-10 lm). Also noticed in the 1-g sample is at least one 100 lm crystal and a few on the order of 50 lm. This shows that there is potential for large crystallization to occur in ZBLAN at this temperature range. These micrographs ultimately show that the 1-g sample continues to crystallize, whereas the crystallization in l-g sample continues to be suppressed. Increasing the processing temperature to 380°C shows that the l-g sample crystals begin to become larger (Fig. 4) .
As shown in Fig. 4 , we notice that the both samples have similarly sized crystallites approximately 1-50 lm, which would ultimately result in transmission loss in the mid-IR range. These results show that the crystallization suppression in the l-g has ceased due to the increase in size of the crystallites. Increasing the temperature to 400°C further exemplifies this point.
It can be seen that in Fig. 5 that l-g processing no longer suppresses the crystallization of ZBLAN glass as the micrograph shows crystallites to be approximately 5-50 lm, with more on the higher end (50 lm) of the crystal size. Overall, at 400°C both samples appear to be very similar, evidence that l-g processing no longer prevents increased crystal growth and that the suppression appeared to stop at approximately 380°C by evidence of the increased crystallization size. To further support this claim, the 410°C processed samples are shown in Fig. 6 . Observing the 410°C processed samples (Fig. 6) , we see that crystallization is prominent in both the 1-g and l-g samples with an approximate size of 25 lm and are readily distributed throughout both samples. The l-g-processed sample appears to have more crystallites than the 1-g sample, further supporting that the crystallization suppression has ceased at this temperature level. Overall, the micrograph evidence shows that at 360°C crystallization is suppressed in l-g until approximately 380°C. Supplementary crystallization analysis on these samples is discussed in Reference [11] . 
Discussion
Analysis of mobility in ZBLAN
The analyses processes investigated the mechanisms of heat and mass transfer that affect mobility in a fluid, which can be related to the viscous state of ZBLAN glass. The two primary processes to consider are mobility (mass transfer) due to buoyancy-driven convection and mobility through diffusion. Conduction is a contributor of heat transfer, which indirectly affects the other two mass transfer mechanisms, and hence it is included in the investigation. The process of diffusion is unaffected by the magnitude of the gravity acceleration, whereas buoyancydriven convection is directly proportional to gravity. Evidence obtained from optical microscopy suggests that the ZBLAN samples processed in microgravity crystallized at a temperature (*380°C) above the recorded crystallization temperature. This evidence suggests that the lack of mobility due to convection in the microgravity environment affects the crystallization of the ZBLAN samples such that crystal growth is suppressed. Therefore, the ZBLAN sample crystallized at 360°C in 1-g sample should be of comparable magnitude to the crystallization in a 380°C l-g sample. The contribution of each mobility term can be described symbolically in Eq. 1 shown below.
where the D represents the contribution from the respective mobility term. The D in the subscript represents the contribution from diffusion at the specified temperature. The subscript C represents the mobility contribution from the convection term at the specified gravity level (1-g, and micro(l)-g). The temperatures (360 and 380°C) were selected based on crystallization evidence from the optical micrographs as discussed in previous sections. This newly developed equation effectively captures the mobility due to diffusion and convection at relevant drawing temperatures for ZBLAN glass.
Diffusion analysis
Boutarfaia et al. [23] studied the crystallization kinetics in fluoride glasses other than ZBLAN. Composition adjustments were implemented in a multicomponent glass based on the fluorides of In, Ga, Y, Zn, Sr, Ba, and Na and physical properties of the resulting glasses were measured. The apparent activation energy for crystallization, E, was reported to be in the range of 190-210 kJ/mol. Since the activation energy for ZBLAN was not available, the variation of diffusion for different diffusing molecular species was determined using the Einstein equation. In order to compare the results obtained, the equivalent activation energy was derived using the diffusion versus temperature data from the Einstein equation, Eq. 2.
where E is the activation energy, R is the universal gas constant, and T is the absolute Temperature. Using this equation and the values of D at different temperatures, the activation energy for ZBLAN was calculated to be 340 kJ/ mol at the temperature range 650-660 K where crystallization occurred in a microgravity environment. Boutarfaia et al. [23] demonstrate that when the E value is small, devitrification tendency is reduced, while less stable glasses often exhibit very large values. Boutarfaia et al. [23] also point out that fiber drawing is difficult for materials with an Avrami exponent greater than 3, and Fluoride glasses have Avrami exponents in excess of 4.
The value of the Avrami exponent 'n' is larger than 4, corresponding to an increasing nucleation rate with time. The Avrami # 'n' relates the volume fraction of materials crystallized 'x' to the time 't' during which crystallization is allowed to occur according to Eq. 3:
Overall, diffusion is a transport phenomenon that is governed by Fick's first and second law.
The diffusion constant can be calculated based on the Stokes-Einstein equation given below in Eq. 4.
where D is the diffusion constant, k is Boltzmann's constant, T is the specified temperature, R is the radius of the diffusion molecule, and g is the viscosity. The viscosity equation as a function of temperature for ZBLAN was formulated using the viscosity graph described by Dunkley et al. [7] . The viscosity as a function of temperature equation can be seen in Eq. 5.
The units of Eq. 5 are in Poise (P). COMSOL MultiPhysics modeling software was used to model the convection process of ZBLAN and calls for units of Pascalsecond (Pa-s), therefore, dividing Eq. 5 by 10 yields the correct unit system (1 Pa-s = 10 P). The Stokes-Einstein equation (Eq. 4) can be used to determine the diffusion coefficient of a molecule of radius, R, diffusing through ZBLAN. Each molecular constituent of ZBLAN including water and oxygen molecules was investigated as possible diffusing molecules. The water and oxygen molecules were investigated due to moisture-and oxygen-induced crystallization as described by Cranmer et al. [13] . The list of molecules and their corresponding molecular radii are shown in Table 1 .
The average molecular radius was used to determine the diffusion coefficient of ZBLAN as a representation of the overall diffusivity of the material. The average molecular radius was used as the Stokes-Einstein equation assumes a spherical diffusion particle. The calculated diffusion coefficient in ZBLAN is represented in Fig. 7 .
As shown in Fig. 7 , the diffusion coefficient of ZBLAN glass increases rapidly. The calculated diffusion coefficients at the relevant temperatures of 360 and 380°C are 1.31E-14 and 1.01E-13 m 2 /s, respectively. The diffusion calculations will be further utilized in the upcoming sections.
Convection analysis
Convection can be separated by the different types of convection specific to the situation. The specific convection mechanism presents in this study is known as natural or free convection. Natural convection in a heated ZBLAN sample was then investigated. Natural convection, also known as buoyancy-driven convection, is a heat transport mechanism in which the fluid motion is generated purely by density differences in the fluid due to temperature gradients. Natural convection will occur when the fluid near a heat source becomes hotter and less dense (relative to surrounding fluid) and rises. The surrounding, cooler and more dense fluid falls and replaces the previous fluid. This cooler fluid is now closer to the heat source, which then becomes hotter, rises, and the process is continued. This continued process then creates what is known as a convection current; this progression transfers fluid from one location to another. The overall driving force for natural convection to occur is bouyancy, which results from a difference in fluid density. Therefore, bouyancy requires inertial forces such as gravity to drive natural convection. Thus, natural convection lacks its driving force in a state of microgravity. The onset of natural convection is determined by the Rayleigh Number (Ra), a dimensionless number shown in Eq. 6.
where Dq is the difference in density between the two convecting fluids, g is the local gravitational acceleration, L is the characteristic length-scale of convection, D is the diffusivity, and l is the dynamic viscosity. A relationship for the density of ZBLAN was required to accurately determine the Rayleigh Number, as well as build a heat transfer model in COMSOL. The density as a function of temperature for ZBLAN was formulated analytically using the documented density at room temperature (q = 4.33 g/ cm 3 ) and the documented coefficient of thermal expansion (a = 17.6E-6/°C) [1] . Utilizing the coefficient of thermal expansion, the calculation must take into account expansion of volume, represented in Eq. 7.
The resulting function of density of ZBLAN with respect to temperature can be seen in Eq. 8.
The units of Eq. 11 are in kg/m 3 , which are the appropriate units required by COMSOL. According to the Rayleigh Number, when the density variation in the fluid is high, natural convection will be more rapid. Also the same conclusion can be made for the gravity term, g; when g is large so will natural convection. Conversely, reducing g to zero completely halts natural convection, thus removing convection as a transport mechanism. Also, convection will be less likely at a higher viscosity and less relevant compared to the diffusivity rate. Overall, the Rayleigh number shows how the onset of natural convection is proportional to the gravity term and is shown in Table 2 .
The Rayleigh number calculations presented in Table 2 represent a ZBLAN sample heated from 250°C to the respective temperatures 360 and 380°C as those are the two relevant temperatures in Eq. 1. The numbers provide additional evidence that relates the Rayleigh number to the gravity term, thus formulating natural convection to be directly proportional to gravity.
Following the analytical convection analysis, a computational convection analysis was completed using COM-SOL Multi-Physics modeling software. A ZBLAN specific model was developed with exact dimensions and properties Fig. 7 The calculated diffusion coefficient of ZBLAN glass at varying temperatures relating to the experimental program previously discussed. The output from the COMSOL model provides a temperature gradient and velocity contour at specific time intervals for the desired temperature. Figure 8 shows a temperature gradient for a ZBLAN sample heated from 250°C (523 K) to 360°C (633 K) at a time step of 0.1 s.
At a time of 0.1 s, the ZBLAN sample is rapidly heating, as evidenced by the thermal gradient. Figure 9 shows the ZBLAN sample at three seconds, in which the entire sample is now close to 633 K.
As shown in Fig. 9 , the sample has reached a steadystate temperature with extremely minor temperature Fig. 8 ZBLAN sample heated from 523 to 633 K at 0.1 s Fig. 9 ZBLAN sample heated from 523 to 633 K at 3 s variation of 0.38°. This variation is insignificant to the overall scope of the experiment. The overall conclusion gleaned from the temperature gradient analysis is that the ZBLAN sample in the experiment reaches the set temperature within a period of approximately 3 s, which is well within the time frame of the experiment. This also demonstrates that any buoyancy-driven convection will diminish in the short period of 3 s due to the lack of any density variations.
In addition to the temperature gradient plots, velocity contour graphs are also plotted. A graphical representation of one of the velocity contour results for the ZBLAN sample model can be seen in Fig. 10 .
The velocity contour shown in Fig. 10 represents the convection current for the fastest time step from 0 to 20 s (the duration of microgravity). A graphical representation of the convection analysis can be seen in the figures below. Figure 11 shows the velocity across the ZBLAN sample at varying time steps and shows the velocity at various locations of the sample from 0 to 12 s.
As shown in Fig. 12 , the convection values increase rapidly to 0.8 s then decrease steadily to a much slower velocity. It can also be seen that the velocity is more rapid at the outer edge of the sample than in the center of the sample, which is concurrent with the inward heating scheme represented in Figs. 8 and 9 . These velocity numbers for ZBLAN were utilized in the comparison of the diffusion versus convection mobility terms. 
Convection and diffusion comparison
The Péclet number represents the rate of advection of a physical quantity by the flow to the rate of diffusion of the same quantity. The Péclet number can be seen in Eq. 9.
where L represents the characteristic length, U is the contribution due to convection (velocity), and D is the contribution due to diffusion. Using the Péclet number at the two key temperatures (360 and 380°C) previously investigated can better show the dominant mobility contributor. The resulting Péclet numbers for each temperature can be seen in Table 3 .
The Péclet number results shown in Table 3 depict the mobility contribution due to convection in 1-g and l-g at the two temperatures. The contribution due to convection in l-g has almost no affect on the mobility of ZBLAN. The contribution due to diffusion is the dominant component in a l-g environment. In a 1-g environment neither mobility term dominates by evidence of the Péclet number at 360°C. The Péclet number at that temperature and gravity level is not excessively large or small which suggests neither term is dominant.
An additional comparison can now be made between the independently calculated diffusion and convection numbers and incorporated into the novel equation developed for this study (Eq. 1). Since crystallization occurs at 360°C in 1-g and 380°C in l-g, the total mobility due to diffusion and convection at 360°C (1-g) should be approximately equal to the mobility of diffusion at 380°C (l-g) as per Eq. 1, if the hypothesis is correct. In order for an accurate comparison to be made, the diffusion coefficient value is divided by the characteristic length of the sample (1 mm) as previously done via the Péclet number. This process results in a diffusion velocity in m/s, which can now be compared to the convection velocity from the COMSOL models, also in units of m/s. The diffusion number is obtained from the aforementioned Stokes-Einstein equation (Eq. 4 and Fig. 7) utilizing the average molecular radii, calculated at a temperature of 360 and 380°C. The convection numbers were obtained from the previously described convection analysis (Fig. 11) . The calculated values from the previously described results and included into Eq. 1 are described and totaled in Table 4 .
The data described in Table 4 show that the mobility term due to diffusion increases by an order of magnitude, when increasing the temperature by 20°. Also noticed is that the velocity term due to convection is on the same order of magnitude as the diffusion term at 1-g, however, the convection value under microgravity is negligible. As shown in Table 4 , the totals of convection plus diffusion at both temperatures are essentially equal. Also depicted is that the total at 360°C is an order of magnitude higher than that of just the diffusion term at the same temperature. This shows how the contribution of convection plays an important role in the mobility of ZBLAN glass. Ultimately, the totals from the diffusion plus convection in l-g approximately equal that of diffusion plus convection in 1-g. Although the numbers are of low magnitude, Leed and Pantano [15] describe that the distance between active and inactive growth sites is on the order of angstroms. Therefore, molecules do not have to move a great distance in order to contribute to crystallization and suppressing the dominant mobility term, buoyancy-driven convection, ultimately suppresses crystallization at relevant drawing temperatures.
Based on the micrograph evidence described in earlier sections, ZBLAN crystallizes irrespective of a l-g environment at high temperatures (*410°C). This evidence is supported by the high diffusion coefficient present at 410°C (9.47E-10 m/s) compared to the total contribution of convection and diffusion at 360°C (1.03E-10 m/s). The mobility due to diffusion at 410°C is on the same order of magnitude as that of the total contribution of convection and diffusion at 360°C, therefore, removing convection at high temperatures is not effective in the suppression of crystal growth. Conversely, removing the convection term from the 360°C sample leaves a small diffusion term, resulting in a ZBLAN sample with minor crystal growth.
Conclusions
Multiple ZBLAN samples were heat treated in a 1-g and l-g environment in order to understand the role of gravity in the crystal growth suppression in ZBLAN glass. The micrograph results confirm that crystallization is suppressed at 360°C and continues to be suppressed in l-g until 380°C. The 400 and 410°C l-g-processed samples continue to show increased crystallization, further demonstrating the lack of crystallization suppression at higher temperatures. The results of this analysis show that the total mobility at 360°C in 1-g (1.03E-10 m/s) approximately equals that of the diffusion mobility at 380°C in l-g (1.01E-10 m/s). Therefore, the mass transport (mobility) in ZBLAN is the primary mechanism governing crystal growth suppression in microgravity. Furthermore, the micrographs of the ZBLAN samples elucidate high amounts of crystallization above 380°C (approximately 410°C). The contribution due to diffusion at 410°C (9.47E-10 m/s) is higher than that of the total mobility contribution at 360°C (1.03E-10 m/s). Thus, crystallization at that high of temperatures will occur regardless of suppressing convection. Therefore, microgravity processing to suppress crystal growth at temperatures at or above 400°C is ineffective. However, within the fiber drawing range of ZBLAN glass, microgravity processing allows ZBLAN to be produced with minimal defects due to a widened working temperature range [11] .
In conclusion, the results from this study support the hypothesis that the mechanism governing crystal growth suppression in ZBLAN glass is directly related to the mobility due to heat transport mechanisms, specifically natural convection and diffusion. Natural convection is the dominant molecular mobility term and can be suppressed in a microgravity environment. Suppressing convection ultimately starves growing crystallites in the sample and yields a high quality amorphous sample. This understanding can lead to superior mid-IR fiber optics and possibly a more feasible ZBLAN manufacturing process. Ultimately, this work provides further insight into the role of gravity in the crystallization suppression of ZBLAN glass.
